Introduction
The oldest known record of reptile footprints, from Hildburghausen, in Thuringia, central Germany, (Fig. 1) , became famous following the discovery of a large slab with tracks of the 'hand animal' Chirotherium Kaup, 1835 [1] , and other isolated footprints. These tracks are from the Roet Formation (uppermost Upper Bunter, Aegean, upper Lower Triassic). The discovery of this tracksite prompted a wave of publications by a number of well-known palaeontologists during the 19 th century (e.g. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] ). The his- overlaying the track horizons in the clay beds of the uppermost Roet Formation. These trackbeds contain three different chirotherid track ichnogenera -Synaptichnium Nopcsa 1923, Isochirotherium Haubold, 1971 and Chirotherium Kaup, 1835 -as well as other small footprints such as Rhynchosauroides Maidwell 1911, Rotodactylus Peabody, 1948 , and Capitosauroides Haubold, 1971 [17] [18] [19] [20] .
Chirotherid footprints have also been described from contemporaneous upper Lower to Middle Triassic layers across much of the world. Unfortunately, confusing ichnotaxonomy, used in different countries, within different sediment types, and by many scientists with different documentation techniques to describe variant states of footprint preservation, single tracks, or incomplete footprints and trackways, has resulted in the creation of dozens of Middle Triassic ichnospecies. The resulting long list of names, 'outline sketches', and chirotherid track descriptions often serves to confuse rather than solve ques- [72, 73, 84, 86, 117] and new results). tions about the track types, or the trackmakers and their palaeoecology (e.g. [12, 13, 16, 19, ).
The landmark analysis technique (see [46] ) used for distinguishing 'ichnospecies' appears to work for selected 'best preserved' material, at least on ichnogenus levels, but only because this analysis does not include footprints from individuals of different ages or variations in footprint preservation. The method's usefulness in deriving phylogenetic or evolutionary trends, as suggested by Klein and Haubold [46] , is therefore highly questionable in some cases, and it has not been used further in this study, except for the separation of ichnogenera.
Several potential trackmakers have been previously proposed for chirotherid tracks. Nöggerath [47] criticized the first, incorrect theory that the 'human hand-like' prints from Hildburghausen were the footprints of apes (called 'Quadrumanen'). The possibility of reptiles as the track- tertidal to lower sabkha coastal environments of the Al Dabb'iya Peninsula, west of Abu Dhabi (UAE). A. Uppermost upper intertidal to lower sabkha, with typical surface structures of partly dried and brownish biomats. B. Tracks after several days in the gypsum-dominated lower sabkha, which were 'fossilized' early by a thin halite crust. C. Footprints in the uppermost upper intertidal, preserved on smaller, wrinkled biomats. D. Trackway reaching from the lower to lowermost upper intertidal environments. E. Footprints, only a few centimetres deep, in the lower intertidal, stabilized carbonate mush, into which mangrove leaves were washed after one flooding; this flooding did not destroy the tracks at all. F. Deeply printed footprints on the polygonally cracked biomats, as a result of underlying soft carbonate mush. Many leaves were also flooded into the tracks here, although the tracks are quite sharp in outline due to the damaged, 5 mm thick, biomats. G. Feet sinking slowly through the leathery microbial mats. H. Cross section, with the upper 15 cm a thick, organic-rich biolaminite microbial mat layer, below which is a soft carbonate mush with mollusks. I. Experiment results, showing the best preservation in the lower intertidal environments; the leathery microbial mats do not preserve tracks at all, or else the trackmakers break through the mats, leaving unshaped forms.
makers was first discussed early in the 19 th century (e.g. [4, 48] ). Euparkeria capensis [49] , the name given to an African archosauriform skeleton, was the first species to be identified as a probable trackmaker for the Chirotherium tracks (e.g. [17] ); this species' trackmaker attribution is revised herein using data from newly prepared skeletons. Remains of this archosauriform have also been reported from the Middle Triassic of Russia, suggesting a Pangaean distribution covering Laurasia and Gondwana [50] [51] [52] ; however, it currently remains unknown if the small quantity of archosauriform remains recovered from the Upper Buntsandstein Roet Formation of Waldshut, Germany [53] also belong to this genus. At least two more archosauriform reptiles have recently become known from articulated skeletal material in cen- [21] from the lowermost Middle Muschelkalk, preserved on marine biolaminites (Karlstadt Formation, Pelsonian) from Bernburg, D (coll. MB). B. Manus/pes set of Chirotherium barthii Kaup, 1835 from the lowermost Middle Muschelkalk, preserved on marine biolaminites (Karlstadt Formation, Pelsonian) from Bernburg, D (coll. MB). C. Manus/pes set imprint of Isochirotherium herculis [21] from the uppermost Upper Bunter terrestrial layers (Roet Formation, Aegean) of Hildburghausen, Germany (coll. NMS). D. Manus/pes set imprints of Chirotherium barthii Kaup, 1835 , from the uppermost Upper Bunter terrestrial layers (Roet Formation, Aegean) of Hildburghausen, Germany (coll. MB). E. Manus/pes set imprints of Synaptichnium hildburghausensis [90] , from the uppermost Upper Bunter, preserved on marine biolaminites (Winterswijk Formation, Aegean) from Winterswijk, NL (coll. MF).
tral Europe. The older of these two is from the AnisianLadinian boundary (Illyrian-Fasanian boundary, middle Middle Triassic) of Monte San Giorgio, Switzerland, where the carcass of a complete suchian archosauriform, Ticinosuchus ferox [54] , which had drifted along the coast and come to rest in lagoonal black shales, was discovered. This archosauriform was proposed to have produced chirotherid trackways [55] based on its comparable foot anatomy, and has been identified as a likely trackmaker for Isochirotherium footprints [15] . Its identity as a trackmaker of Chirotherium tracks is revised herein.
Several skulls, and even articulated postcranial skeletal remains including the pedal bones, of Batrachotomus kupferzellensis [56] have been recovered in recent years from coastal, freshwater influenced, marine lagoonal deposits in southwestern Germany (mainly at Kupferzell, Vellberg, and Baden-Wuerttemberg) [56] [57] [58] . These were found in the slightly younger layers of the Erfurt Formation (Longobardian, Lower Keuper, Lower Ladinian, uppermost Middle Triassic). In this paper, the trackways and pedal anatomy of Batrachotomus are also compared, as they are very similar to other chirotherid trackways. Other models suggesting that aetosaurs produced 'Brachychirotherium' trackways [59] do not fit the gait, trackway width, or shape of the Lower Keuper Brachychirotherium trackways. However, the figured tracks of B. thuringiacum used by Lucas and Heckwert [59] (Fig. 7E) are Upper Carnian in age, and these already have a different anatomy with digits I and IV longer, which does match well with aetosaurs as the likely trackmakers. Therefore, those tracks should in future be attributed to another ichnogenus.
Although chirotherid footprints are known from all over Europe in the Early and Late Triassic, there appeared to be an absence of reptile discoveries from the middle part of the Middle Triassic [16, 45, 60] . This absence can be demonstrated as simply a gap in the fossil record, which has now been filled by important new discoveries at Bernburg, and other German sites. This gap previously led to a number of incorrect conclusions about the global archosaur footprint record (cf. Klein and Haubold [46] , Lucas [60] ), especially since such conclusions also ignored important material such as Synaptichnium manus/pes sets (= Brachychirotherium in Demathieu and Oosterink [61] ) from Winterswijk in the Netherlands (Fig. 6E) , and excluded Middle Triassic German chirotherid material on the basis of incorrect, insufficiently detailed, or lacking chronostratigraphic dating.
New evidence is presented herein concerning archosaur footprint types and their preservation, as well as their body fossils and palaeobiogeographical record. These conclusions are based on important new chirotherid trackway discoveries (the longest ever mapped in Europe), in- cluding some perfectly preserved new material with partial digital-pad and skin-structure details, collected in 2008 and 2010 at Bernburg in Saxony-Anhalt, central Germany ( [15] ; Fig. 1 ). From these new Middle Triassic chirotherid trackways, in which the footprints show all kinds of variability and degrees of preservation, it will be demonstrated that all of the known Middle Triassic archosaur footprint ichnospecies should be reduced to just the four valid and distinct, Middle Triassic chirotherid track ichnogenera of decreasing size: Isochirotherium, Brachychirotherium, Chirotherium and Synaptichnium. These beginnings of a ichnogenus-based revision also clarifies the palaeobiogeography, distribution, and few biodiversity of the Middle Triassic archosaurs, from which a new interpretation of global archosaur palaeobiology can be presented. Included in this interpretation are the newest discoveries of horseshoe-crab Koupichnium tracks from Bernburg, which are abundant, have long and different behavioural trackways, and their possible trackmakers, Tachypleus, may have been responsible for a food-chain reaction in the Germanic Basin [62] .
Material and methods
Comparative studies were carried out on chirotherid tracks from various intertidal-flat track localities of the Middle Triassic Germanic Basin (Fig. 1) , including the quarry localities at Winterswijk (Netherlands; Museum Fredricks = MF collection), Grossenlueder 1 and Germete (Hesse and Westphalia, Germany; Naturkundemuseum Kassel = NMK collection), Karsdorf (Saxony-Anhalt, Germany; Martin-Luther-University Institute for Geosciences = MLU.IfG collection), and the most recently discovered and material-rich site at Bernburg (Saxony-Anhalt, Germany; Landesmuseum Sachsen-Anhalt = LSDA collection). A critical revision of (mostly incomplete) single, non-associated Middle Triassic chirotherid tracks from intertidal biolaminites at the above-mentioned sites is also discussed in relation to the well-preserved material seen in several long trackways at Bernburg. Some 75 other German tracksites have also been included ( Fig. 1) , even though most of them have not yet provided chirotherid trackways, only single tracks; in most cases, this may simply be due to the limited sizes of the outcrops.
Since the year 2000, there have been small surface excavations of several square metres extent at the Winterswijk site in the Netherlands [63] , at Borgholzhausen in Germany [64] , and at Grossenlueder 1, also in Germany [65] , although at the latter site only a single archosaur footprint has been collected. Of all these localities, only the Bernburg tracksite has yielded a large number of long, well preserved, chirotherid trackways, together with a large number of other tracks.
The largest systematic Middle Triassic track excavation in Europe was conducted at Bernburg in June 2008 covering a surface area of approximately 2000 square metres (Fig. 7) , revealing one of the most important Middle Triassic tracksites in the world. This tracksite is also rich in horseshoe-crab trackways, which have been discussed in a separate publication [62] . The 20-40 m long chirotherid trackways were first coloured in detail in the field and then photographed. The photos were then equalized and compiled in AUTOCAD to create track maps from which all the trackways were redrawn, although only the chirotherid reptile tracks are figured and discussed here. The excavation of this site has demonstrated that only large areas of outcrop or extensive surface excavations are likely to yield the relatively rare, larger tracks. Two or three Chirotherium trackways (numbers 2, 9 and ?11), and three Isochirotherium trackways (numbers 1, 12 and 13) were documented on this surface in 2008, but isolated individual tracks also were found in five separate excavated layers (Figs 2 and 7 ) of the 15 cm thick late Pelsonian intertidal deposits, which are themselves a small part of the complete biolaminite series of about 2.5 m thickness. Finally, there were four more trackways found in only one track layer, during a 10-30 m, smaller, second excavation in 2010 (Fig. 8) , of which only the chirotherid material is discussed here. Those Chirotherium trackways, two of adult individuals and two of smaller sized animals, were mapped as between 7-15 m in length, although these can only be figured and discussed preliminarily here. At another area of the quarry, a single Isochirotherium tackway was mapped at a length of about 8 m. In both excavation campaigns at Bernburg it was impossible to excavate all of the thinly bedded biolaminite layers. Hence, the excavation has only provided a preliminary insight into this very large track locality, covering just a small part of the Karlstad Formation megatracksite that is being continually destroyed by quarrying activities [15] .
In one case, after documentation a cast was made of one Isochirotherium trackway over a length of about 10 m. A large quantity of selected original slabs and cast material of 2008 is stored in the Amt fuer Denkmalpflege, SaxonyAnhalt, in Halle/Saale, together with a detailed report on the excavation, including all maps and data on the techniques employed [15] . The track area excavated in 2008 was completely destroyed in 2009, after documentation. From the second excavation in 2010, three of the trackways were sampled nearly completely (Fig. 8) , with the smallest rescued with at least three following manus/pes sets. This material is deposited in the Museum Bernburg (= MB). To understand the Muschelkalk, and the general archosaur trackway preservation of coastal intertidal carbonate environments, experiments were made on the lower intertidal to lower sabkha of the Al Dabb' iya peninsula, west of Abu Dhabi (UAE), in spring of 2010 (Fig. 5 ). In the experiment, a human walked over different sediment types, which were flooded at least twice during high tides. The footprints are 'similar in shape and trackways' to that of archosaurifom reptiles, and some of the reptiles were also partly similar in weight (Euparkeria and small Ticinosuchus individuals were around 100 kg). Those track and trackway patterns were documented photographically to demonstrate differences in the shape and depth of impression into the substrate, and to explain the method of their nondestruction in intertidal zones. Finally, skeletons of possible archosaur trackmakers were studied at the South African Museum of Natural History (SAMNH) and the Paläontologische Institut der Universutät und Museum Zürich (PIUMZ). Also examined was the skeletal material and reconstruction of the loricate archosauriform Batrachotomus in the Staatliche Sammlungen Naturkunde in Stuttgart, with the skeletal pedal anatomy of particular interest for comparison to the digital formula of the chirotherid tracks.
Geology

Stratigraphy and sedimentology
The Middle Triassic at Bernburg consists of a 110 m thick carbonate series, mainly limestones of the Jena Formation [66] , but also including carbonates and dolomites from the underlying Dorndorf Member and overlying Karlstadt Formation (Fig. 2) . At Bernburg, the Aegean to Pelsonian carbonates of the Jena Formation are approximately 90 m thick, and consist of shallow-marine deposits, mainly 'Wellenkalke' and shell-or ooid-rich limestones [66, 67] . In Bernburg, 19 sediment layers in the Jena Formation are de-bris flows, mass flows and intraclast conglomerates, or slickensided beds with sinusoidal, deformed, veins. These features are typical of seismically influenced sediments in shallow subtidal zones [68] [69] [70] [71] [72] . The positions of seismic epicentres during the deposition of the Jena Formation have been previously inferred using slickenside orientations in the shallow-submarine carbonates, which, are mainly south-southwest-north-northeast in the northern Germanic Basin, and closer to east-west in the southern part of the basin [74] .
The Karlstadt Formation carbonates, assigned to the Judicarites zoldianus cephalopod biozone at the top of the Pelsonian (middle Anisian), can be easily correlated throughout the entire Germanic Basin and up to the northern Tethys [15] . The chrono-, bio-and lithostratigraphic data and track-bed stratigraphy were additionally dated through the correlation of ceratite zones (cf. [15, 75] ) and by using absolute radiometric data from volcanic ash layers in the northern Tethys Ocean, south of the Alps [76, 77] . The Karlstadt Formation possibly represents deposition within a Milankovitch cycle of about 400 000 years (cf. carbonate cycles/sequences in [78] ). Therefore, the Bernburg track-beds can be dated to an absolute age of about 243.5 -243.9 Ma. (Figs 2 and 3) . The Karlstadt Formation carbonate sediments are 5.15 m of lagoonal platy dolomitic limestones interbedded with a 2.5 m thick, mud-cracked biolaminites and a thin, micritic to arenitic, series of carbonate layers (Fig. 2) .
At the base of the Karlstadt Formation, three major bonebed layers occur within massive dolomitic and lagoon platy limestones. Marine sauropterygian reptile (no terrestrial reptiles) and fish remains are found mainly concentrated in shallow subtidal channels with the monofaunistic, small, hypersaline-adapted bivalve, Neoschizodus orbicularis.
At its top, the biolaminite sequence is built of interbedded autochthonous biolaminites and rapidly sedimented arenite layers. Seismically influenced arenite (tempestite or tsunamite) layers have been recognized to be highly concentrated ( Fig. 2A) . The 1-4 cm thick arenites have characteristic slickenside vein structures covering their surfaces, such as those seen in track-bed 8 layer (Fig. 2D ) in the form of parallel vein-lineations about 20 cm apart that cover the trackways on track-bed 8 (chirotherid track layer) and other layers (Fig. 2D) . Sixteen arenite layers have similar slickensided surfaces: these structures start at the surface but do not extend far into the underlying biolaminites or tempestites. Between track-bed 8 and track-bed 7, the trend of these structures changes rapidly from north-northeast-south-southwest to nearly east-west ( Fig. 2A) . Structures vary between these two main directions several times in the upper section, reflecting different epicentres. The two slickenside trends seen in the seismic layers of the Karlstadt Formation at Bernburg also correspond to these same orientations. Previous studies [74, 79, 80] have postulated the two main epicentres as being in the Alps and in the Silesian Gate.
Originally grown, millimetre-thick, bedded biolaminites, comparable to modern examples with known early diagenetic cementation (cf. [81] ), have typical polygonal mudcracks, such as those found in the most important trackbed, number 7 (Fig. 2C) . In Bernburg, biolaminites vary in the carbonate particle sizes up to sand size, with carbonate sand material consisting of thin, intercalated, ooid layers, demonstrating a close relationship between the tidal flats and the extensive, shallow-marine sand-bar deposits that formed in the central basin of the Lower Muschelkalk in the Berlin area [82] . This carbonate sand was transported during times of flood and was deposited on the tidal flats; however, such carbonate sand layers are absent further to the west, as this area was too far away from the shallow submarine sand bars at the time of deposition [15, 75] .
Differences between track-beds 7 and 8
The geology of the most important of the 16 recognized track layers (although there are certainly more layers to be discovered), track-beds 7 and 8, are considered here, as both are different in their genesis (Figs 2D-E), and therefore result in different track preservation and assemblages. These tectonically and tide-influenced 'mini-sequences' (1-5 cm thick; Fig. 2C ) are repeated several times within the Karlstadt Formation biolaminite series, also explaining the track abundancy. Tracks were generally preserved in the lower intertidal regions.
The track-bed 7 biolaminite (Figs 2D and 4) contains many and most of the reptile trackways, such as nearly all of the perfectly preserved Chirotherium trackways presented here. The trackways recognized on this biolaminite surface include several Rhynchosauroides, a large and a small Isochirotherium, and Chirotherium trackways, as well as a large number of subaquatic trackways of large horseshoe-crabs [15, 62] . This track-rich surface also has several long drift marks of uncertain origin, indicating palaeocurrents flowing in a north-northwesterly direction. These are at right angles to the slickensides, again suggesting formation due to submarine earthquakes or storm events, and their resulting waves perpendicular to the coastline. As the tide ebbed, the biolaminite layer of track-bed 7 would have dried out and terrestrial archosauromorph reptiles such as Macrocnemus (=Rhynchosauroides trackmaker) or archosauriforms like Arizonasaurus or Ticinosuchus (=Isochirotherium / Chi-rotherium trackmakers, respectively) would have ventured out onto the broad tidal area [15] . Track-bed 7 can therefore be seen as having preserved a full ebb-tide cycle (possibly even several) as a result of having been rapidly covered by the flood that deposited track-bed 8. Both layers were then subjected to an earthquake shock that resulted in the formation of vein structures that even penetrated the mud-cracked surface of track horizon 8 when this was already semi-consolidated by early diagenetic cementation.
The arenite of track horizon 8 (Figs 2E and 4) is only 2 cm thick, and thus quickly covered the underlying track-bed 7, which forms the top of a 2 cm thick biolaminite package. Only the tracks of large chirotherids (Isochirotherium and Chirotherium) are found on track-bed 8, all faintly preserved but also in extramorphological preservation in soft substrate. After the documentation of the 2008 excavation surface, a crossing small and giant chirotherid trackway was observed where both individuals overstepped the slickenside structures.
Intertidal carbonate flat megatracksites and their age-dating
The chirotherid tracks of the Middle Triassic Germanic Basin have all been found in marine intertidal-flat to lower sabkha carbonate deposits, mainly biolaminites, from the coastal zones [15] . They formed extensive megatracksites (defined as isochronous, wide, extended, track-rich layers or surfaces) at the Upper Bunter -Lower Muschelkalk (track-beds I-II), Lower-Middle Muschelkalk (track-beds XVII-XVIII), and Middle-Upper Muschelkalk (track-beds XXI-XXII) boundaries (numbering from [15] Fig. 3 ). Globally, the extension and type of intertidal environments seen in the Germanic Basin are quite unique for the Triassic record.
In the eastern part of the Germanic Basin, a larger number of track-beds are present in the Aegean to Illyrian (about 22 track-beds; [15, 71] Fig. 3 ) as a result of a carbonate ramp that shallowed towards the west. Towards the west, the higher number of track-beds present in the Aegean to Illyrian (about 31) is also a result of of this carbonate ramp in the intercontinental Germanic Basin [15] . On the shallowest part of the ramp, near the western Germanic Basin margin [83] , the typical subtidal carbonates -the 'Wellenkalke' of the Jena Formation -developed into the Osnabrück Formation with a far higher proportion of intertidal biolaminite and sabkha sediments, which itself finally disappears in the far west, such as at Winterswijk in the Netherlands [15, 84] Fig. 3 . In contrast, the Wellenkalk dominates the continuous, shallow-marine and full-marine sediments that were deposited throughout the whole of the Jena Formation at Bernburg, although this changed towards the end of this formation's deposition.
The earliest Middle Triassic chirotherid tracks (extremely rare records of Synaptichnium and Isochirotherium) occur in the Winterswijk Formation [84] Figs 3 and 6E, which consists of intertidal biolaminites, sabkha dolomites, and platy to massive lagoonal dolomites. The shallow, fully marine 'Wellenkalke facies', typical of the eastern Osnabrücker and Jena Formations, is absent in Winterswijk, indicating a condensed section in the far western part of the basin forming thick intertidal deposits rich in tracks and bone-beds [15, 75] . These layers can be correlated using stratigraphic and sedimentary sequences, including tsunamite or tempestite layers, which are composed of bone-bed layers on the coastlines (Winterswijk), and bioclastics with 5-25 cm thick bone-bearing limestone beds (e.g. Upper Basal Conglomerate Bed, Upper Oolithic Bed; Fig. 3 ) in the Osnabrück and Jena Formations [69] . The two trackway records in the Aegean-aged intertidal biolaminites of Winterswijk [84] , one of Isochirotherium (described as 'Coelurosaurichnus' in Demathieu and Osterink [61] ) and one identified here as Synaptichnium (described previously as 'Brachychirotherium'; Demathieu and Osterink [61] ), can be correlated with the first extensive megatracksite (track-beds I and II; Aegean-Bithynian boundary). This megatracksite resulted from a marine ingression that formed the first extensive intertidal and sabkha environments around the margins of the Germanic Basin [15] . From similar layers at the Grossenlueder 1 site (Fig. 1 ), a single chirotherid track was found [65] , which can be now identified as an Isochirotherium manus/pes set.
Although there are many track layers (track-beds III-XVI) in the Osnabrück and Jena Formations (BithynianPelsonian; Fig. 3 ), no chirotherid tracks have yet been found from this interval in Germany. Their eventual discovery is to be expected; however, outcrops of this age are generally too small to get larger tracks and trackways, especially when surfaces are not well exposed.
The next (and best) Middle Triassic record of chirotherid tracks is from the base of the basal Middle Muschelkalk Karlstadt Formation (uppermost Pelsonian) at Bernburg (15; Fig. 3) , in which the chirotherid trackways described here were discovered within another megatracksite that extends across the Germanic Basin (track-beds XVIII-XIX). The tracks were found in the Judicarites zoldianus cephalopod biozone (middle Anisian), which can easily be correlated throughout the entire Germanic Basin and all the way to the northern Tethys [15, 72, 73, 75] .
The final record of a chirotherid track (with a wellpreserved manus, but poorly preserved pes) occurs within the uppermost Middle Muschelkalk (track-bed XXI, Diemel Formation; middle Illyrian; Fig. 3 ) of Germete, where another extensive megatracksite was developed in the central Germanic Basin [15] .
During the Upper Muschelkalk, the morphology of the Germanic Basin changed completely, with the development of steeper ramps and consequently an absence of shallow, intertidal biolaminite-dominated zones [15] . This change in environment explains the absence of any footprint records in the Upper Illyrian, the Fassanian, and even the Lower Longobardian in this basin, with the exception of tracks found along the Bavarian-Hessian Depression and on the connected Burgundian Gate coastlines.
Palaeontology
Track preservation within intertidal zones and actualistic experiments
Variations in track preservation can be seen in the archosaur tracks from Bernburg, particularly from the biolaminites of track-bed 7 and arenite layers in track-bed 8 (Fig. 4) . During the tidal ebb and drying out of the carbonates, chirotherid trackmakers walked over the tidal-flat surfaces. Large archosauriforms weighing around 100 kg (e.g. Euparkeria) and up to 300 kg (e.g. Ticinosuchus) did not sink more than a 2 cm into the biolaminite or arenite sediment layers, although the fine details of these chirotherid tracks can often be seen in the biolaminites (Fig. 4) . Therefore, the stabilization of these biolaminite carbonates must have been an early sedimentary process, and they must have become well-stabilized very rapidly, in contrast to the rapidly deposited, 2-4 cm thick, muddy arenites in which archosaurs left only faint impressions (Fig. 4) . In many cases, the regular tidal flooding of these carbonate intertidal-flats did little damage to the tracks, and some prints even show the detail of skin impressions. Several chirotherid tracks on biolaminites reveal details of the digital pads, and also claw marks or scratches, features previously unknown from chirotherid fossils.
The intertidal sediments are best for detailed track preservation due to the rapid covering of the carbonate surfaces, rapid cementation due to arid conditions with high temperatures of up to 50
• C, and the catalytic cementation processes seen in cyanobacterial/algal mats (e.g. [71, 85] . Preservation would have also been assisted by generally smooth tidal flooding in the shallow intertidal zone, as seen in the modern southern Arabian Gulf, where high tides are only expected to reach up to 50 cm; this is particularly supported by the Middle Triassic palaeogeographic position of the Germanic Basin, which would have been much farther south than it is today. Low-energy tides in the shallow, intracratonic, Germanic Basin would have had almost no impact on tracks, as was demonstrated both in experiments with modern lizard trackways on the Arabian Gulf coast of the UAE (cf. [86] ), and in the experiments conducted in coastal intertidal regions of the UAE in 2010.
Recent experiments with present-day Iguana lizards, both in natural carbonate intertidal environments [86] and in laboratory situations on clay and sandy substrates [87, 88] , have demonstrated the enormous variability in trackway preservation, with trackway variations for the same trackmaker influenced mainly by the locomotion type and speed, the sediment type, the sediment's moisture content, and the degree of cementation.
In 2010, new experiments, again conducted in the lower intertidal to lower sabkha environments of the Al Dabb'iya Peninsula west of Abu Dhabi (UAE), were made along several kilometres of the extended intertidal zone (Fig. 5 ) with the hope of clarifying the existing confusion in chirotherid track ichnotaxonomy (see partial compilation in [16] ). The author himself walked over different sediment types, covering the lower, middle, and upper intertidal and lower sabkha environments (Figs 5A-F), all of which were smoothly flooded during the next few days during the high storm-tides (Fig. 5G ) that happen regularly at that time of year. The footprints are preserved differently in all four environments, including quite different surface structures. In the lowermost lower intertidal zone on carbonate mush, the footprints were only about 3 cm deep with toe details; after flooding, mangrove tree leaves were washed into the track depressions (Fig. 5E ). This is similar to the situation at Bernburg, where large Triassic archosaur footprints in track-bed 8 acted as traps for fish and reptile bones in the lower to middle intertidal zone. In the modern Abu Dhabi environments, the dark-brown middle intertidal zone is polygonally cracked and covered by leathery biomats (Fig. 5H) , although the underlying sediments are still a carbonate mush (Fig. 5H ) into which the author sank about 10-15 cm (Fig. 5F ). Towards the margin of the uppermost upper intertidal zone, the polygons become smaller and more wrinkled; here the tracks were only about 5-10 cm deep (Fig. 5C ) due to the sedimentary change to the lower sabkha. In this latter zone where gypsum crystals are the dominant sediment mineral, faint tracks are imprinted about 5 cm deep, and a thin but hard halite crust also protects the tracks from destruction (Fig. 5B). 
Systematics
The confusing and inconsistent chirotherid ichnotaxonomy remains a problem, with even recent revisions not revising track species and genera conscientiously (cf. [43] ). This confusion is mainly a result of the lack of international comparisons between tracks of different preservations, in different facies types, and with different types and rates of locomotion, also taking into account the variations in different authors' outline drawings and interpretations (cf. compiled redrawings in [16] ). Therefore, in the future, a revision of this track ichnotaxonomy will be required for all Triassic chirotherid track 'ichnospecies'. This paper aims to start the critical revision and reduction to a few ichnospecies. This revision should be made using detailed intertidal (in some cases also clay preservations) track preservations, which allow the redefinition of, at least, the ichnogenera Synaptichnium, Chirotherium, and Isochirotherium. The tracks preserved in the intertidal environments have more preserved detail, and include tracks found in the terrestrial northern American redbeds of the Moenkopi Formation/Group [43] , and the Upper Buntsandstein Roet Formation of Europe (e.g. 45, 89) . With the exception of Synaptichnium, which is named 'Protochirotherium' when it has pedal-pad skin details preserved (see 90; Fig. 6E ), other preservation types have received a confusing ichnotaxonomy based on a variety of different features (e.g. 90; 91, fig. 2; 43) . For example, in many illustrations and tracks, the digit V varies greatly and digit IV is sometimes longer or even equal in length to digit III, and as such, these features cannot be used for ichnotaxonomic clarification. Also, the digit lengths are demonstrated here to vary between Chirotherium and Isochirotherium mainly due to rotation during locomotion, and the curving of the legs (which may also result in more curved digit imprints), causing their feet to imprint at different angles on the substrate. Furthermore, the tracks described in those papers seem to reflect variations in preservation type and locomotion. As a result, Klein and Lucas [43] agreed to synomymize Synaptichnium (less deeply printed tracks without preserved dermal skin structures) with 'Protochirotherium' sensu Fichter and Kunz [90] (tracks with digital pad and skin preservation). After a study of the holotypes, including material from all over the world, only two ichnogenera -Chirotherium and Isochirotherium -and their type ichnospecies are considered valid, with the range of these taxa extending from the Olenekian to basal Anisian. The Chirotherium and Isochirotherium tracks do not reflect 'ontogenetic stages' of the same trackmaker where pes bones have positive and negative allometric growth, and in Chirotherium at least different aged animals seem to have been present (there are both large and small Chirotherium tracks; Fig. 13 ). Therefore, there are no clear arguments that Isochirotherium represents larger Chirotherium tracks formed by the same track producer. The characteristics of track size, pedal rotation axis, polygon shape, differences in the digit lengths, and the close or wide position of the digits (partly dependant on the substrate and the animal's speed) are figured herein, all of which allow only a few of the Aegean to Illyrian ichnogenera to be distinguished (Fig. 6 ).
Chirotherium Kaup, 1835
Chirotherium barthii Kaup, 1835 Figs 9-12 and 15D-J; Table 1 Material: The 2008 excavation delivered a single trackway from a large individual (Fig. 7 , Trackways 2a and 2b; Figs 9 and 13G) in track-bed 7, consisting of 17 manus/pes sets (Table 1 ; coll. LSDA) printed to a medium depth, with some sliding and interruption or destruction of details. Another trackway, also from trackbed 7, is from a smaller individual (Figs 7 and 13H, Trackway 3), and consists of shallow imprints of 64 manus/pes sets (Table 1 only Table 1 ). These tracks all fall within the range of sizes and proportions seen for medium to large sized individuals.
Description: Manus and pes are plantigrad, with a ratio of 1:2.5 in manus/pes proportions (Fig. 6) . The footprint sizes depend on the age of the individual, ranging in Bernburg material from the smallest manus/pes lengths of 6/14 cm, to the largest lengths of 8/19 cm (Table 1) . Typically, the claw marks are clearly visible for digits I to IV in the pes, and only for digits II and III in the manus. Whereas in the pes all digits are mostly printed, in the manus prints, the outer digits, especially digit I, are generally missing in tracks recorded on biolaminites.
The three mapped trackways from the 2008 excavations have between 17 (trackway 1, track-bed 7) and 64 (trackway 2, track-bed 7) manus/pes sets (Table 1) . In trackway 3, several tracks have fish remains (mainly cranial elements) washed into the depressions. The manus/pes distances range between 2-3.5 cm, but this, and the 44-49 cm width of the pes-pes distances, are dependent on the individual's speed. The pespes distance is also dependant on the trackmaker's size, as are the 16-18 cm wide trackway width, the 
159-167
• pace angulation, and 86-99 cm stride ( Table 1 ). The four trackways discovered in 2010 fall into the same range of measurements (Table 1) .
When completely imprinted, the typical features of the ichnogenus Chirotherium (Fig. 6) are the smaller foot rotation, and the increasing lengths of digits I to III, the II being the longest, with digit IV longer than digit I (polygonal analyses). The digital pad of V can be sometimes subdivided in two parts (Fig. 6B) . The digital pads indicate that the trackmaker has a phalange formula, from digit I to V, of 3, 3, 4, 5, 4.
Discussion: Most of the imprints are illustrated herein because they contain preservational details rare in Middle Triassic material, both in Europe and globally [43] . The imprints show a high variability in shape (Fig. 4) , and, in several cases, show evidence of pes slippage on the biolaminites (Fig. 9) , suggesting that these surfaces were covered with slippery biomat on which the Chirotherium trackmaker was insecure in its walking or running. The tracks from Bernburg were compared with original material on the track slab from Hildburghausen (Fig. 6D ), including material which had not been illustrated or listed by Haubold [13] , comprising one slab in the Bernburg (Fig. 18) . Chirotherium has also been recorded in the Spanish (Barcelona, Cuenca, Guadalajara, Mallorca, Teruel, and Zaragoza) Anisian ('Buntsandstein and Muchelkalk'; e.g. [45] ) with C. barthii, which underlines the time-range presented herein (Fig. 18) . Finally, C. lulli (Baird, 1954) from the upper Lower to lower Middle Triassic Moenkopi Formation of northern America also appears to be a differently preserved track of the C. barthii type. Therefore, there are several chirotherid trackways that should be attributed to the C. barthii ichnospecies, though others should instead be attributed to Isochirotherium. In many cases, incomplete preservation or poorly imprinted forms do not allow a clear ichnospecies identification.
Isochirotherium Haubold, 1971
Isochirotherium herculis (Egerton, 1838) Figs 13-14 and 15A-C; Table 1 Material: One trackway from the 2008 excavation, preserved on biolaminites of track-bed 1 (Trackway 1, Fig. 7) , consists of 47 manus/pes sets mapped over a 40 m length (Table 1 . This trackway shows considerable variation in its preservation, but still reveals many details such as dermal structures and scratch marks from claws (Figs 17 and 13B). A second trackway from the biolaminites of track-bed 4 preserves fewer details; three manus/pes sets have been mapped on the track-bed surface, and a further six have been preserved. In the 2010 excavation, another trackway from track-bed 4 with 12 manus/pes sets was documented and measured ( Fig. 13C; Table 1 ), although it was possible only to save two footprint sets from this strongly weathered layer (Fig. 6A) . Description: Manus and pes are plantigrad, with a ratio of 1:3 in the manus/pes proportions ( Fig. 6 ; Table 1 ). The footprint sizes can be given only for the Bernburg trackway, which seems to be from an adult animal ranging from of 8-10/22-24 cm in manus/pes lengths (Table 1) . Claw marks are also clearly visible in digits I-IV in the pes, and in digits II and III in the manus. Whereas in the pes digits I-IV are well printed and digit V is variable in its shape and size, the manus is generally printed less completely and deeply, with digit I and V missing quite often from the tracks recorded on biolaminites. The preservation of coarse, granular skin impressions in seven manus/pes sets of the long trackway (trackway 1, Figs 7 and 13B) is unique in the global track record; the best material is figured here in detail (Fig. 17) . The two mapped trackways from the 2008 and 2010 excavations have between 12 (trackway 2, track-bed 1) and 47 (trackway 1, track-bed 7) manus/pes sets ( Table 1) . The manus/pes distances range between 0.5-2 cm; the width of the pes-pes distances is about 64 cm; the trackway width is between 30 and 33 cm; the pace angulation is 160
• ; and the stride of the very narrow gauged trackways is 122-126 cm, with large foot rotations such as for Chirotherium. Where completely printed, the typical features of the ichnogenus Isochirotherium (Fig. 6 ) includes a larger max- imum pes length up to 35 cm, with smaller manus prints (ratio 1/3) in comparison to Chirotherium (which has pes imprints not longer than 19 cm). Other features different from Chirotherium include a stronger foot rotation, and the development of similarly lengthed digits I and IV (polygonal analyses). Isochirotherium resembles Chirotherium in the structure of the granular dermal pads (Figs 17I-J) . The digital pad V of Isochirotherium is very variable, and when complete this pad lies further behind digits I to IV and is more bean-shaped, resulting in a higher foot-rotation angle (Fig. 6B) . The digital pads (Figs 17D-I ) suggest a trackmaker with a phalange formula, from digit I to V, of 2, 3, 4, 5, 4.
Discussion: I. herculis [21] , to which the Bernburg material is attributed, is a well-known ichnospecies, first described from the Lower to Middle Anisian (Middle Triassic) sandstones of Storeton and Tarporley in Cheshire, England [21, 30, 31] . These Isochirotherium forms have also been found in the Upper Bunter (Roet Formation) of Hildburghausen (Fig. 6C ) and other German localities (Fig. 1) , and have been described from different sized individuals with different types of preservation. There are similar, large isochirotherid-like footprints elsewhere in the Upper Bunter [16, 42] , but the small number of trackways and their poorly preserved shapes, especially in terrestrial beds, do not allow clear attribution to the Isochirotherium ichnogenus, or even to the same ichnospecies or trackmaker. I. archaeum from France [93] , together with I. jenense, I. hessbergense, and I. soergeli from Germany [19] , and I. marshalli or I. coltoni from the Moenkopi Formation/Group of Northern America [43] , all appear to represent trackways of younger individuals or different types of track preservation. C. moquinense, I. rex, I. marshalli, and others (e.g. [22, 43] , as well as the small I. coltoni forms, seem to represent the largest and smallest individual tracks, respectively, left by one and the same trackmaker species, and all have been found together with the smaller questionable ichnospecies in the Middle Triassic terrestrial sandstones in France [28] . However, these tracks all fall within the range of shapes described herein for the material from Bernburg. A similar situation exists with the late Middle Triassic Isochirotherium ichnospecies I. felenci, I. coureli, I. combelei, I. circademathieui (cf. [24] , and I. inferni [35] , all of which fall within the range of preservation and individual sizes of Middle Triassic isochirotherid tracks. I coureli and other Isochirotherium tracks have also been recorded from the Anisian ('Buntsandstein') of Spain (Barcelona and Guadalajara; e.g. [45] ). All have been established on the basis of a small number of tracks, mainly using single manus/pes sets, often chosen selectively, and often with incomplete and not clearly printed tracks. However, the Isochirotherium footprints described from the Middle Triassic of Italy also demonstrate a full range of different sizes [34, 35] . There are also many other Chirotherium and Isochirotherium footprints that appear to have been attributed to the oldest nomenclature of I. herculis [21] , although most of these records are too incomplete, too unclear in their stratigraphy, or too incompletely preserved to warrant further discussion. However, the ichnospecies definition of I. herculis has been extended here, especially taking into account data on skin impression structures, individual size variations, and other variability demonstrated within long trackways from Bernburg. 
Discussion
Archosaur track record during the Triassic
Discussions on the stratigraphic occurrence and 'evolutionary trend with toe reduction' of archosaurs, presented by Klein and Haubold [46] , appears to be incorrect in a number of features, with gaps left in the Middle Triassic footprint record through the omission of many important discoveries and incompletely imprinted footprints, and the exclusion of variations that were simply due to differences in preservation or facies. These variations, in particular, are key to understanding the facies and environmental dependency of chirotherid tracks in the Germanic Basin, at least for the late Early to late Middle Triassic (Figs 18  and 19 ).
Due to an improved understanding of the palaeogeographic development of the Germanic Basin, including the formation of important and extensive coastal intertidal and sabhka zones [15, 62] , a clear relationship can now be seen between the distribution of these particular facies types and that of Synaptichnium, Chirotherium, Isochirotherium, and Brachychirotherium trackways. In these coastal environments, which existed for about 10 m.y., these tracks and their most probable trackmakers can be correlated hypothetically to the known skeletal record, and particularly pedal anatomy (Fig. 18) . The majority of these trackways have been found in Europe, partly due to the high levels of research and collecting activities in this continent, but also as a result of the quite unique intracratonic setting of the Germanic Basin, which in the Middle Triassic formed a bridge of a lowland and intertidal-flat environments between the two supercontinents of Laurasia and Gondwana (Fig. 19) .
The stratigraphic range of Synaptichnium tracks was correctly presented by Klein and Haubold [46] by taking into account tracks from the Lower Triassic, even though these tracks from the Upper Bunter (Roet Formation, Aegean) of Hildburghausen had previously been incorrectly determined as 'Brachychirotherium' by Haubold [19, 26] . Some of these tracks are in fact attributable to Synaptichnium or its younger synonym 'Protochirotherium' sensu the definition presented by Fichter and Kunz [90] , whereas others just represent different track preservations. With their large manus prints and manus/pes ratio of 1:1.75, the tracks assigned to B. parvaparvum (=B. preparvum) from a single trackway found in the latest Aegean at Winterswijk in the Netherlands (Fig. 6E) are reidentified here as Synaptichnium tracks (Fig. 6) ; although these have been clearly dated as latest Aegean [84] , these are the only presently known records of Synaptichnium tracks on intertidal-flat biolaminites in Europe. The facies at Winterswijk is proximal intertidal to lagoonal, with little marine influence. Tracks of this type have also been reported in other European localities, with well-dated material only known from the Lower Triassic, such as from Spain (e.g. [45] or England (e.g. [31] ).
The first occurrences of Chirotherium trackways are from the Upper Bunter (Aegean; Roet Formation in Europe, and Moenkopi Formation/Group in North America); the new, well-dated finds from Bernburg extend this ichnogenus' range into the Middle Muschelkalk (Illyrian; Karlstadt Formation). The youngest records are probably from the uppermost Upper Muschelkalk and Lower Keuper of the Middle Triassic (upper Fassanian/lower Longobardian) in the eastern Massif Central, although, as mentioned previously, the dating of these discoveries is based solely on their 'track assemblages' [28] and not yet on any biostratigraphic or chronostratigraphic evidence. However, the presence of both dinosauriform and archosaur tracks could indicate an Upper Muschelkalk or Lower Keuper (Longobardian-Carnian) age, in which case this 'assemblage' would appear to be much younger than Bernburg and the other German sites. Therefore, current knowledge of this ichnospecies indicates a stratigraphic range of 247.2 -238.0 Ma (chronostratigraphy after [77] ; Fig. 19 ).
Isochirotherium tracks range in age from the Upper Bunter (upper Olenekian to Aegean; Roet Formation in Europe, and Moenkopi Formation/Group in North America: [43, 46] through to the lower Ladinian [15] . The largest known Middle Triassic chirotherid track form, 'Prosauropodichnus bernburgensis' from Bernburg (15; Figs 16A-E) , can be seen to be equivalent to large 'I. rex/I. herculis' tracks also found in North American sandstones of a similar age [22] . Another giant trackway seen on the slickensided arenite of Bernburg's track-bed 8, consisting of 34 manus/pes sets (Trackway 12, Fig. 7 ) with pes lengths of 35 cm, falls into the known range of the aforementioned chirotherid Isochirotherium track types, but was also first described as 'P. bernburgensis' [15] . This trackform is thought to have been produced by the largest poposauroid archosauriform Arizonasaurus [75] Fig. 14 . At Grossenlueder, in the Hess Province of Germany, a single Isochirotherium track (identified merely as 'chirotherid track'; [65] ) was discovered in biolaminites of a similar age (again from the Aegean Roet Formation). Another rare chirotherid track found in sabkha biolaminites at Karsdorf, central Germany, from the Aegean-Bithynian boundary [94] , can also be attributed to Isochirotherium. The tracks at Bernburg fall within the accepted age-range for this ichnogenus (Fig. 18) , having absolute ages between 247.5 and 243.8 Ma (cf. chronostratigraphy: [76] ). Other large Isochirotherium tracks have been reported from the 'Middle Tri- assic' of Italy [95] , but their exact stratigraphic position is unclear. The youngest forms probably occur in the eastern Massif Central (Burgundian Gate), but these discoveries have not yet been dated chronostratigraphically, only by their association as an 'early dinosaur and archosaur mixed track assemblage' ( [28] ; Figs 18 and 19) .
Brachychirotherium tracks are not convincingly figured or described before the middle Middle Triassic (Longobardian). As there is only a small quantity of material available, there is currently no evidence for the suggested increase in the size of Brachychirotherium tracks throughout the Triassic [25] , such as into the Longobardian (basal Upper Triassic) material of B. gallicum (uppermost Upper Muschelkalk to Lower Keuper; Ladinian) from Spain [45] . This assertion will need to be validated using a greater amount of material from pre-Longobardian times, where they are well recorded in the southern Germanic Basin, Burgundian Gate, and Spain (Jaén; e.g. [45] ), from both large and juvenile trackways [28] . The total time-range for Brachychirotherium tracks in Europe appears to be younger than that for the other chirotherid track types (Longobardian-Carnian), and they appear to be the only chirotherid tracks to have persisted into the Carnian [32] .
As has been recently suggested, upper Lower to Middle Triassic 'chirotherid' tracks assigned to the ichnogenus Synaptichnium may not have been produced by archosauriform reptiles nor by Tanystrophaeus (cf. [96] ); the latter reptile is well known from bone records and coincident tracks in coastal sediments across much of the Germanic Basin and northern Tethys (e.g. [75, 96] ). Synaptichnium best fits the pes skeletal anatomy (manus not known; Fig. 18E ) of Euparkeria, and this reptile is herein suggested as the trackmaker. The smaller chirotherid trackways and tracks fit well to these small-sized (less then 2 m long) archosaurs, and there is a clear stratigraphic overlap in the track and skeletal record.
Palaeoenvironment and archosaur biogeography
During the Early Triassic, non-dinosaurian footprint assemblages -dominated by archosaur tracks -were typically found in arid, intramontane areas ('chirotherid track assemblage'; [16, 97] Fig. 18 ). Isochirotherium, Chirotherium, Synaptichnium, small Rotodactylus and Rhynchosauroides tracks, and tracks of Capitosaurioides, are the most common non-dinosaur reptile footprints (e.g. [16, 60] ). The most probable trackmaker for Synaptichnium tracks, Euparkeria capensis ( [49] ; Figs 18C), has been abundantly documented from both footprint and bodyfossil records around the world [50] . Chirotherid tracks of Isochirotherium, Chirotherium, and Synaptichnium are abundant in Europe and have been described from Germany e.g. [1, 18, 19] , France e.g. [36, 92, 98, 99] , England and Scotland e.g. [12, 30, 42, 100] , and Poland [33, 38, 101] . They are also known from North America [22, 102] , The 'oldest tridactyl tracks from Poland' [103] are nothing else than badly and incompletely printed preserved chirotherid tracks in redbed sand facies. Because large regions were being flooded by the Germanic Basin, the terrestrial habitats shrank continuously (Fig. 21) , although the originally carnivorous archosauriforms were able to hunt other reptiles within the intertidal zones, which were likely inhabited by large numbers of prey in the form of small reptiles such as Macrocnemus and possibly Heschleria [15, 71, 86] . Athough the archosauriform reptiles' terrestrial fluvial habitats disappeared over large areas of central Europe (Fig. 21 ), the Bernburg site shows that at least three different species or 'groups' of archosaurs must have survived, and may have even migrated over much of Pangaea during this period (Fig. 19) . Evidence in support of this theory is provided by the global distribution of similar large tracks attributable to Chirotherium, and Isochirotherium. These tracks may only represent 0.3% of all tracks preserved in the tidal flats [15] , but they are much more abundant, and even dominant, in terrestrial redbed-facies footprint assemblages, such as those in central Germany [19] , North America [22] , and England [31] . The only intertidal-flat site with relatively abundant chirotherid tracks is the recently discovered Bernburg site, but even here they represent not more than 5% of all vertebrate tracks present. Nevertheless, this an unusually high proportion for intertidal tracksites in the Germanic Basin [96] . However, it should also be taken into account that it has not been possible to explore other sites over such a large outcrop area. Bernburg was far from any island or mainland (e.g. the Rhenish or Bohemian Massifs; Fig. 21B ), and plant-eating reptiles could not have survived in these plant-free zones, which must have been similar to modern, arid, carbonate tidal-flats and sabkhas where no higher plants survive due to the extreme hypersaline and gypsum-enriched environments (except mangroves in modern intertidals).
As mentioned previously, archosauriform reptiles were carnivorous [51, 52] and may have relied on a variety of smaller reptile species as their food source, which they would have hunted in terrestrial [16] , sabkha, and intertidal environments [15] . With the regression and lowstand at the beginning of the Late Pelsonian, the tidal flats and sabkha zones likely became increasingly extended around the hypersaline basin centres (Fig. 21B) , in which massive layers of salt and gypsum evaporated [66] ; Fig. 21C . At this time, the initial Alpine tectonics started to create shallow submarine and coastal mountain chains, and intramontane basins parallel to the northern Tethys coastline (Fig. 19) . A seasonal 'migration bridge' was thereby opened between the Palaeozoic massifs, allowing more east-west migration over the ancient, drying, intercontinental sea for all kinds of reptiles [71, 72] . During this extreme sealevel low-stand, seasonal reptile migrations may also have occurred between the northern Tethys and the Germanic Basin, through travel around the European coastlines (Figs 21 and 19 ). With this palaeogeography migration, connections were in place for both circumcentral European and Pangaean migrations by the end of the Pelsonian, by which time the evolution of the dinosaurs must have already begun. The chirotherid reptile tracks recorded from the middle Middle Triassic of Italy have been ascribed to a Pelsonian age [35] , but actually appear to be younger, and may be Illyrian or Fassanian in age, which would fit better with the palaeogeography of Europe during those times. The most likely trackmaker for the Chirotherium track records in Germany, France, and the Italian Alps is Ticinosuchus ferox, which is known from a skeleton found in Alpine fore-arc lagoonal sediments from the Illyrian-Fasanian boundary at Monte San Giorgio (Fig. 19) , and which has a pedal skeletal anatomy that best fits those tracks (Fig. 18E) . As indicated for other archosaurs and their possible footprints, the track record overlaps the body-fossil record, which provides at least one optimal method for linking tracks to their possible trackmaker, although projection of the skeletal anatomy into the best preserved tracks has also been attempted using the pedal anatomy of known skeletons (Fig. 18E) .
The last chirotherid tracks of Pangaea occur in the uppermost Middle to lowermost Upper Triassic layers in Europe. These are predominantly Brachychirotherium tracks (cf. [32] ), found especially on the steeper, sandy beaches of the southwestern Germanic Basin's Burgundian Gate, and in the northwestern Tethys of the southern Alps. In North America, similar tracks have been found in terrestrial environments e.g. [24, 28, 35, 39, 105, 106] , and these tracks are also from Brazil [107] . It appears from the pedal skele- and Archosauriform skeleton sites for Arizonasaurus (North-America), Euparkeria (South Africa), Ticinosuchus (Switzerland) and Barachotomus (Germany). Most of the skeletons and tracks are from the European Germanic Basin which was an intra cratonic basin forming an exchange bridge between Laurasia and Gondwana (compiled from the following: North and South America [22, 43, 49, 102] ; Germany - [72, 73] ; France - [36] ; Switzerland - [65] ; Italy - [25, 35] ; Russia - [50] ; China - [119] ). B. The Germanic Basin with its unique carbonate intertidal flats and food chain reaction as result of Tachypleus horse shoe crab seasonal reproduction migrations which eggs were consumed by Macrocnemus which was killed or only scavenged by the predators (B and C modified from Diedrich [62] ).
ton anatomy of Batrachotomus kupferzellensis, which has digit I shorter than digit IV ( [58] ; Figs 21C and 18E) -a feature seen in Chirotherium but absent in Isochirotherium and Synaptichnium (Fig. 18E ) -that this European archosauriform, found in coastal swamp and lagoonal beach environments [56] [57] [58] , left the abundant footprints along the coastlines surrounding the Bavarian-Hessian depression, and also in the eastern Massif Central and northern Italian regions (Fig. 21C) . In Italy, all three chirotherid track types have been reported from sandy near-shore environments (e.g. [25, 35] ). A similar, sandy, coastal facies and footprint assemblage from the uppermost Middle Triassic has been studied in southeastern France, where typical chirotherid trackways have been found in association with more highly developed early coelurosaurid and theropod footprints, as well as possible prosauropod dinosaur footprints [28, 106] , apparently from the latest Middle Triassic (Fassanian-Longobardian).
Coastal hazards, global archosaur extinction, and the emergence of the dinosaurs
The Chirotherium and Isochirotherium footprints and their probable trackmakers were not well defined previously (e.g. [19, 28, 108] ), but as presented here, appear to have disappeared around the boundary between the Middle and Upper Triassic (Fig. 18) , when the archosaur group was overwhelmed by the radiation of the dinosaurs (e.g. [51, 52, 103, 109] ). Despite this, chirotherid trackmakers certainly survived into the Upper Triassic in other forms (e.g. [110] ), such as Batrachotomus kupferzellensis [111] or other species found, for example, in North America [112] . The late Middle and early Late Triassic was a time of gradual change in reptile groups worldwide [103] , with archaic forms, such as the few diversified archosauriform reptiles described herein becoming almost extinct across Pangaea [51] due to competition with dinosaurs at the end of the Triassic (Carnian); only one branch of the archisauriforms still survives as the modern crocodiles [103, 110, 113] .
To date, there has been no model to explain these evolutionary developments. One possible influence on this gradual evolutionary change was the impact of the Pangaea break-up, which started gradually during the Middle Triassic, leaving the Germanic Basin between two new supercontinents and resulting in drastic changes to both coastal and intramontane habitats ( [15] ; Figs 21 and 18). Intramontane playa basins were destroyed by marine ingressions (Fig. 21) , and additional hazards such as earthquake-induced tsunamis may also have periodically impacted the extensive intertidal habitats found in regions such as the Germanic Basin (Figs 21 and 19 ).
Whether these seismic movements resulted in low-wave tsunamis as a result of the shallow basin morphology is presently unclear and difficult to prove from the sediments, but floods due either to storms or tsunamis may also have destroyed, or at least impacted, reptile populations over extensive areas through rapid flooding of their permanent habitats. Within seconds, these flat coastal areas would have been been flooded over distances of tens of kilometres, washing up the carcasses of marine reptiles, fish, sharks, and limulid crustaceans that would have become a food source for the carnivorous archosauriforms (Fig. 20) . This must be considered a plausible ecological interpretation for such an extensive coastal environment of extremely low relief, and would also explain the discovery of articulated marine sauropterygian skeletons in these sediments. Such articulated remains were found at different sites, even in biolaminites, together with footprints [64, 94, 114] . Terrestrial animals and marine sauropterygians could have been caught up in waves with their carcasses carried for many kilometres onto the tidal flats or sabkhas; in such hazardous situations, the marine reptiles that survived the flooding would have had little chance of returning to the sea. Many kilometres of low-relief intertidal zones around the Germanic Basin would have been flooded in just a few seconds, as has been observed in similar intertidal zones and sabkhas of the modern Arabian Gulf coast [115] . The high density of seismically shocked sediment layers at Bernburg reflects a period of much higher tectonic activity in central Europe around the transition from the Lower to Middle Muschelkalk, as has previously been discussed by Szulc [80] . This appears to have been a result of northern Tethyan tectonic development and the collision of the African and European plates that marked the beginning of Pangaean supercontinental break-up; this is also the reason why the Germanic Basin became so flat, with salinas in its central regions and extensive carbonate tidal-flats and sabkhas in the coastal zones [66, 76, 80] . Catastrophic earthquakes in the Middle Triassic must have had a major effect on organisms living along the coast of the Germanic Basin, and the shock-waves would have resulted in a stressful situation for their populations (Figs 16 and 19 ). During the tidal ebb and the drying out of the carbonates, large-and medium-sized archosaur chirotherid trackmakers walked over the tidal-flat surfaces, treading on the slickensides and vein-following mud-cracks, a chronology that can be clearly observed in track horizon 8 (Fig. 16 ). This proves that these terrestrial reptiles were mobile immediately after the seismic events, while the sediments were still drying out. It is interesting to note that the large, heavy chirotherid did not sink deeper than 2 cm into the sediment layer, which means that the underlying biolaminates must have already been well stabilized, in contrast to the newly deposited arenite. This early consolidation of the biolaminites also explains why the vein structures that resulted from the seismic shock-waves reached only 3 cm more from the arenite track horizon 6 into underlying biolaminites. Such vein structures have been found in the modern sediments of active fault zones, proving formation in unconsolidated sediments [116] . The underlying biolaminites are therefore shown to have been rapidly consolidated, as has been described for modern examples [81] , and were cemented sediments forming a stable substrate to walk on, despite being formed within the middle to upper intertidal or lower sabkha zones.
Archosauriform predators at the end of the food chain
An explanation for the presence of archosauiform carnivores on these intertidal flats most likely lies in the food chain. There must have been millions of horseshoe-crab eggs laid in the intertidal, coastal reproduction zones around the Germanic Basin, as indicated by the large numbers of limulid trackways recorded at Bernburg [62] . Being the bottom of the food chain, these eggs appear to have been consumed mainly by two small reptiles, Macrocnemus and Hescheleria, for which these environments must have provided a primary abode, judging by the large numbers of footprints that they left behind [71] . These common small reptiles seem to have been the main prey that attracted carnivorous archosauriforms onto the intertidal flats. Additionally, the crabs themselves must have been fed upon by large archosauriform reptiles, as indicated by a trackway and 'feeding' place seen at Bernburg (Fig. 20) .
Conclusions
Several Aetosaurs also seem to have produced tracks that are much more similar in track shape to Brachychirotherium, although those tracks will require a different ichnogenus name due to their different rotation trackways and longer digits I and IV.
In the Middle Triassic, dramatic changes took place in the Germanic Basin and, within a time frame of about 10 m.y., this basin went from intracratonic to a shallow-marine, tectonically controlled basin with extensive intertidal carbonate zones. Horseshoe crabs produced millions of eggs in Middle Triassic coastal reproduction areas within these intertidal zones, establishing a completely new food chain in which archosauriform predators such as Ticinosuchus, Euparkeria, and Arizonasaurus appear to have hunted the smaller permanent inhabitants, such as Macrocnemus and Hescheleria, which fed on the horseshoe-crab eggs. A Chirotherium trackmaker is even demonstrated to have fed upon the crabs themselves. These plant-free coastal habitats were occasionally in danger of being flooded, over tens of kilometres and within a just few seconds, by submarine, seismically induced shallow tsunamis, or else by subtropical storm-waves. These events may have killed larger marine and terrestrial reptile populations over much of the extensive tidal coastline of the Germanic Basin (central Europe). These habitats changed again in the Illyrian, when a new marine ingression and deepening of the basin resulted in the disappearance of most of these intertidal zones, probably only leaving those in the northern Tethys.
With the subsequent regression in the Fassanian (Middle/Early Late Triassic), the Germanic Basin became a shallow lagoon with freshwater influences, and a lagoonal remnant in the Bavarian-Hessian depression around which the archosaur Batrachotomus must have hunted small reptiles. From the footprint record, mainly in Italy (northern Tethys), eastern France (Burgundian Gate), and southern Germany (Germanic Basin), these last archosaurs were in competition with small theropod and prosauropod dinosaurs, and possibly even with pterosaurs, at least since the Fassanian time.
The emergence and diversification of the dinosaurs and disappearance of archaic reptiles in the late Middle Triassic may have resulted from these marked, drastic, but natural environmental changes, which were due to plate tectonics, marine ingressions and regressions, habitat changes, and resulting changes in the food chain. It appears to have been the slow, gradual adaptation of the better constructed dinosaurs that led to their survival and the eventual demise of the archosaurs during the Late Triassic.
Whether the conditions in the Germanic Basin provided the main driving force behind the emergence of the dinosaurs, or whether it was the result of general changes to coastal zones around Pangaea remains a matter for speculation. Nevertheless, the intracratonic Germanic Basin undoubtedly formed an exchange bridge between Laurasia and Gondwana, over which predatory archosauriform reptiles may have successfully migrated seasonally over millions of years, until the full break-up of Pangaea. The development of the Germanic Basin, its changing reptile populations, and its abundant Triassic skeletal and footprint records are certainly essential elements to be considered if we are to understand fully the emergence and global domination of the dinosaurs.
